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INVESTIGATION OF THE DRAG OF VARIOUS AXIALLY SYMMETRIC NOSE SHAPES OF FINENESS
RATIO 3 FOR MACH NUNIBERS FROM 1.24 TO 7.41

By EDWARDW. PERKINS,LELANDH. JORQnNSBN,andSIMONC. SomrER

SUMMARY

Drag measurementshave been made ai zero angle of attack
jor a 8erie8 ?f &mess ratio 3 nose shapes. Tle models in-
cluded various theorettialLy derived minimum drag ALPS-S,
hemisphericallybluntedcones, and other more common projikx.
Prewuredistribwtwn nwwurementsjor a series oj hemi.spti
tally bluntedcones were ako obtained. The Mzch number ati
l?eynolds number ranges of the tat were 1.l?b to 7A and
1,0~10° to 7.6X10° (based on model km.gth),?WSpeCtWehJ.

Oj the models tested, the paraboloid oj revolution had the
Ieaxt.foredragbelowa Mach number oj 1.6, and the theoretically
minimum drag shape for a ghen Lm@h and altimeter bawl
upon Newtonts impti theory had b ika-stjoredrag above a
Mach number oj 1.6. Tlu theoretical shape-sjor minimum
pressure dragjor the auxiliary condiiwns oj given length and
diameto or ~icen diameta and volume derivedby von Kdrmdn
and by Haack do not haoe lem drag than all otlwr po8sible
dape8 having identical mlues oj the same panztirs. No
model had the lea8tjoredrag jor tlw compti lMach number
range. Whereoer po8sible, theoretical m?ua of the joredrq
baaedupon the sum oj tile t.horeticu.lskin-jrictwn drag and the
theorstieal wave drag were culmdatd jor compation with the
experinumtalresult-s.

The results jor tlw sm”e.soj lwmisplwri.tallybluked cones
have important practicul .si@$cance since it m jound that
the diametir oj the hemisphericaltip maybe jairly lurgewi$how$
markedly increasing the joredrag over that of a sharp ptitid
cone oj the sanwjinene-ss ratio. In jact, jor a $xed jhwne$8
ratio oj 3, the joredrag is Tedwed somewhat bg a small degree
oj blunting, althoughjor a $wd cone angle blunti~ aJuxzy8
increased the drag. An empirical expressim, appltile jor
.free-stxeam Mach numbers greutiw than g, is developed jor
calculating the wave drag oj the 8eries oj hemtiplwricdy
bluntedcones.

INTRODUCTION

TIM allied problems of predicting the drag of bodies of
revolution and of minimizing the drag by proper shaping of
the body have been the objects of numerous theoretiwd
investigations. With regard to the problem of predicting
the drag, thut part of the drag which has thus far proved

most amenable to theoretical calculation is the wave drag.
For pointed bodies of revolution at Mach numbers sufficiently
high for shock-wave attachment, the wave drag may be
calculated by either perturbation theory or by the method
of characteristics. For highly blunted nose shapes there is
no simple theoretical method for predicting the pressme
dwtribution and drag. Therefore experimental results have
been relied upon for this information.

The first part of the present investigation is a study of
the pressure distribution and drag of a series of hemispheri-
cally blunEedcones. Although it might seem that the use of
such a blunt- nose would result in a high drag penalty, pre-
liminary estimates 2 have indimted that the drag of a nose
shape consisting of a hemispherical surface faired into an
expanding conical surface can be less than that of a sharp
cone of the same length-te-diamet er ratio. The results of
prd.iminary estimates of the variation of drag with the ratio
of hemispherical tip diameter to base diameter for fineness
ratio 3 have indicated that a small reduction in drag cm be
realized at all supersonic ~Mach numbers. Perhaps more
important than the reduction in drag is the indkxkion that a
relatively large hemispherical tip can be used without incur-
ring any. drag increase above that of a sharp-nosed cone of
the same finenessratio. In order to verify these predictions
and to provide quantitative drag data the present investiga-
tion was undertaken.

The second phase of the investigation is a study of mini-
mum drag nose shaps Most theoretical approaches have
been directed toward the m.tization of the wave drag
only. Von Ktmnfm (ref. 1) developed an integral equation
for the wave drag of slender bodies of revolution at moderate
Mach numbers. Using this equation, he derived a minimum
drag nose shape (eommordyreferred to as the Khrm6n ogive)
for a given length and diameter. Subsequently, Haack (ref.
2) and others (refs. 3 and 4) have used the IKfwmfmintegral
equation in developing minimum drag shapes for other
auxiliary conditions, such as given length and volume or
given volume and diameter. Through the use of the Khrmfm

j TheseProlldnarY estlnmtex wem mnde bysummhw*e_on~Ydo~ ~ve
dregof thehemisphericaln= andthetheorotlcalp~ dragofthecadmlaftarbcdy,as-
SQMIUSthatthep~ onthom.rfamof themnknlafkbw.lym themrnea9t.hstfora
shmpmneof thesune910p8. .

1SupersedeNAOAI@mrohJlwmrandumA51H2Sby EdwardW. Perkinsandbland H. Jorgenwn,193zandNAOAEesearehhhmorendumA62B13by SimonO. %mxmxand
Jam@A, Stark,1862.
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integral equation as the basis for these derivations, the
apparently unnecessaryY. Yet Simpmg assumption of
zero slope of the meridian at the base has been imposed.
This restriction is pointed out by Ward in reference 5,
wherein he shows that his ‘more general expression for wave
drag reduces to that obtained by von Khrmhn for the special
case of a body having zero slope at the base. In a later
paper (ref. 6) Ferrari developed a minimum drag nose shape
for a given length and diameter which has a finite slope of
the meridian at the base. For the high supersonic Mach
number range, minimum drag shapes based upon Newton’s
law of resistance have been derived by EggeIs, Resnikoff,
and Dennis (ref. 7). These shape differ appreciably tim
comparable optimum shapes for low supersonic Mach
numbers, although the theoretical optimum shapes in both
instances have blunt noses when the length is fixed and sharp
noses when the length is allowed to vary.

Due to the basic assumptions in the derivation of the
Khrm5n integral equation, it may be expected that the
shapesresulting from the use of this equation are theoretically
optimum from a minimum drag standpoint only for large
fineness ratios and low supersonic Mach numbers. In con-
trast, the shapes resulting from the Newtonian theory may
be expected to be optimum only at high supersonic Mach
numbers. However, for low iineness ratio shapes at moder-
ate Mach numbem, it is impossible to say a priori which of
the theoretically optimum shapes will have the lesser wave
d~~, or in fact if either of the theories is capable of predicting
the least-drag’ profile. One of the purposes of the present
investigation is, therefore, to compare the experimental
drags of them theoretically optimum shapes and of other more
common prcdiles for an interinediate fineness ratio over a
wide Mach number range. To this end a series of iineness
ratio 3 models of these theoretically optimum shapes have
been tested in the Mach number range from 1.24 to 3.67.

A

c.

CD.

C’=p

(?.w

d

D

K

L

SYMBOLS ‘

model base area, sq in.

tOtaldrag coefficient, total drag
qA

foredrag coefficient based on base area,
total drag-base drag

qA

foredrag coefficient based on volume to the ~ power,

total drag-base drag
qpla

wave drag coefficient, -wavedrag
qA

hemisphere diameter, in.

model base diameter, in.
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free+tream Mach number

pressure coei%cilmt,‘~
.

pito~preswre coefficient, ~

pa—pcone pressure coefficient, —
Q

local static pressure, lblsq in.

free-stremn static pressure, lb/sq in.

pitot total-head pressure,.lb/sq in.

cone static pr-e, lb/sq in.

free%ream dynamic pressure, ; p~, Ib/sq in.

model local radius, in.

model base radius, in.

free-stream Reynolds number based on body length

model volume, cu in.

axial distance from the nose, in.

angle of attack, deg

ratio of specific heats of air, taken as 1.40

circumferential angle of hemisphere measured from
the upstream stagnation point, deg

cone half angle, deg

APPARATUSAND TESTS

The experimental investigation was conducted in three
facilities, the Ames 1- by 3-foot supersonic wind tunnels
No. 1 and No. 2, and the Ames supemonic free-flight wind
tunnel. The two 1-by 3-foot wind tunnels are conventiomd
tunnels Tvhich are equipped with flexible top and bottom
plates for varying the test section Mach number.

For the tests in the supersonic free-flight tunnel the models
were launched from a smooth-bore 20mm gun, and wero
supported in the gun by plastic sabots. Separation of tho
model from the sabot was achieved by a muzzle constriction
which retarded the sabot and allowed the model to proceed
in free flight through the tast section of the wind tunnel.
A more detailed description of this facility is given in refer-
ence 8.

MODZIJ3

Sketches of the models tested, including dimensions, speci-
fied parameters, and deiining equations, are presented in
figure 1. For the series of hemispheriwlly blunted cones
shown in iigure 1(a) the length-to-diameter ratio of 3 is
constant, and the cone angle is decreased as the bluntness
(ratio of hemisphere diameter to base diameter) is incmasecl.
For the series in figure 1(b) the base diameter and cone
angle are constant, and the length decreases with increase in
bluntness. - .
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Model
no + w D

I 0 9°2a’ 1.75
If o V 28’ 0.45
2 .075 w 52’ I.75

2f 075 W52’ 0.45
3 .150 8°15’ 1.75
3f .150 8°15’ 0.45
4 .302 6°59” I.75

4f .300 ‘& 59’ 0.45
4p .300 6°59’ 2.00
5 m 0I0’ 75

5f .500 5° Io’ ;45
5p .500 5°10’ 2.00
6P 1.000 0 4.00

Note:.4p,5p,and 6p are pressure distribution models.

Madels If through 5f, are free-flight models.

(a)

.. ~_EI.{

EE13
Model

no $#

I o 3.W
7 .075 2.81
8 150 2.62
9 .3CU 2.24

(b)

(n) Hornisphere-comseries for constant ~=3.

(b) Hemisphere-cone Serimfor constant cane angle.

FIcwrt?dl.—Model pro~es. (Dimensions are in inches.)

The family of fineness ratio 3 models defied by the equa-
tion r= R(X/L)n is shown in figure 1(c). For length and
base diameter speciiied, the profles of the hypersonic opti-
mum (Newtonian) nose and the nose developed by Ferrari
(ref. 6) can both be very closely approximated by the above
equation for n=%. (See fig. 2.) Since the %-power nose is
a reasonable approximation to these theoretically derived
optimum shapea, it alone has been tested and is referred to
throughout the report as the hypersonic optimum nose.

I?inenew ratio 3 models of the minimum drag shapca based
upon the work of von IUrmtin and subsequently Haack are
shown in figure 1(d). For any two specfied parametem
such as length and diameter, length and volume, or diameter
and volume, these are the theoretical optimum nose
shapes and for convenience have been designated as the
L-D. L-V, and D-V Haack noses. A similar designation has

,- Model 12
,’ ~Madel I I

.’ ~’-Madel 10
,.’ ,//,#’,F Model I

-E175
I

1—’’5.25 —1

EEEiiER.

(c)

=Madel 14
.“- Model 13.

,’?z Model 15,/, ,
,, /’ ,’

/
~T— — —

<

— -D=I.75

x--l _L

(d)

(?(o) Proi31edefied by r=R ~ n

(d) Haaok minimum drag now d&ned by r=~ pfl+J ~shl%+csin’p!

‘=aroms(1-3”
FIGURE I.—Continued.

been used for the circuhw-mc tangent ogive and cone shown
in iigure l(e). The L-V ogive has the same length and
volume as the L-V Hawk model, and the D-V cone has tho
same diameter and volume as the D-V Haack model. Also
shown in figure 1(e) is a fineness-ratio-3 ellipsoid.

Except for the pressure-distribution models, all the nose
shap~ were constructed of durahmin. The 30- rmd 60-
percent hemispherically blunted cone pressure-distribution
models (models 4p and 5p) were cast of tin and bismuth, and
the hemisphere-cylinder premm-distribution model (model
6p) was constructed of steel.

TPSTS

Wind tunnels No, 1 and No, 2,—The total drag was meas-
ured by means of a strain-gage balanm located in the model
support housing. The base pressurewas determined through
the use of a liquid manometer comected to two holes in the
supporting sting at the base of the model. Experimental
values of. foredmg were then taken as the difhrence between
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,z--Modd 18
-.’ ,-— Modei 16

,.-,,’ ,-- Model 17
.’ .’ /’
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. .

. — — x

< - m

D=I.79

(Model 16)

(e)

(e) @er profiles.
FIQUnE I.—Concluded.

Axiol oxudinat~ #

Fmwrm 2.—Comparison of profika of minimum drag nosa for
given length and bnse diameter.

the mensured total drag and bnse pressure drag. Because
of the operating clmracteristicf+of the tunnels, it wa9 not
possible to maintain ~ constant Re-ynoldsnumbw throughout
the Mach number range of 1.24 to 3.67; however, an attempt
was made to keep the Reynolds number constant for all
models at each Mach number. In the following table the
avernge Rqmolds number (based on model length) and its
limit of variation for all models tested at each Mach number
nre listed:

31 ReX lW Tunnel No.
1.24 242*O. 14 1
1.44 L 17+0. 01 1

3. 14+0. 20
1.5+ 4 10*O.10 2
L 96 4 14+0. 12 2
1.99 201+0.01 1
286 400+0. 10 2
3.06 A 00+0. 19 2
3.67 3.45+0. 07 2

The pressure-dkribution testsvrercall made in tunnel N’o.
2 at Mach numbers of 1.5, 2, 3, and 3.7 and at an average
Reynolds number ‘of about 4X 10e. Pressure distributions
for the hemisphere-cone pressure models (models 4p, 5p, and
6p) were determined through the use of a liquid manometer
system connected to two rows of oritices along the models
rml spaced 180° apart. The models were rotated and a

8
Wc — Air-off operat!on

._Q

“~ 6
LU, Air-on operation

$

& .,. . . ,., .,”
n4 . ~
E /3
c

g2 /
c
2
K

n
“o I 2 3 4 5 6 7 8

Moth number, M

FIcxmE 3.—Range of iMach numbers and Reynolds numbers of
tests in the Amw superaonio free flight wind tunnel.

longitudinal pressure distribution at mch 30° increment in
circumferential angle was obtained. Tho resulting pressure
coefficients at each longitudimd stotion wero tivoragcd to
obtain the values presented.

Free-flight wind tunnel,-With no air flow through the
wind tunnel, Mach numbws varied from 1.2 to 4.2, dopond-
ing on the model launching velocity. This condition is
referred to as “air off.” RP.ynoldsnumber vmicd lincarl~
with Mach number from 1.OX 10Eto 3.3X108, m shown in
iigy.re 3. With air flow established in tho wind Lunnol,
referred to as “air on,” the combined velocities of t,homodol
and Mach number 2 air stream, with the reduced spocd of
sound in the test section, provided test Mach numbers from
3.8 to 7.4. In this region of testing, Reynolds nurnbor was
held apprminmtely at 4X 10e by controlling test-section
static pressure. In addition, some models woro tcstod fit
approximate Reynolcls numbemof 3X 108at Moth number G.

Drag coefficient wns obtained by mcorcling the timo-
distance histo~ of the flight of the model with the oid of fi
chronograph and four shadowgraph stations at 6-foo Lintor-
vals along the test section. From theso clnta, docolcration
was computed and converted to drag coefliciont. This
report includes only the data fmm models which had mwi-
mum observed angles of attack of less than 3°, sinco lmgw
angles memurably inereascd the drag.
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ANALYSISOF DATA
REDUCTIONOFDATA

All tlm mperimenttd data have been reduced to coefficient
form rmd the data from wind tunnels hTos.1 and 2 have been

corrected for the effects of the small nonunifondies in the
wind-tunnel flow. The free-stream static-pressurevariations
in tlm model-free tunnel have been applied as corrections to
the drag and pressuredistribution data by simple linear
superposition. Corrections due to the effects of stream-
nnglo variation were well within the limits of accuracy of the
data and have therefore been neglected. NTOcorrections
wcro ncccssary for the data obtained in the free-flight tunnel.

PRECISION

The uncertainty of the experimental data from tunnels
No. 1 and NTO.2 was calculated by considering the possible
crrom in the individual measurements which entered into
the determination of the stream characteristics, pressure dis-
tributions, and drag. The final uncertainty in a quantity
was taken as the square root of the sum of the squares of the
possiblo errors in the individual measurements. The
resulting uncertainties in the final quantities are as follows:

Quantity Uncertainty
P *o. 004
CDR *o. 004

Q! *o. 15°

The variation of the free-stream Mach number over the
length of each model tested was less than +0.01 for all
test Mach numbem The uncertainty in the Mach number
at a given point in the stream is &0.003.

The magnitude of the calculated uncertainty in the drag
coefficient appears rather large relative to the observed
scatter of the data. Drag coefficients for repeated teats
generally agreed within +0.002. It is therefore believed
that the drags of models relative to one another are suffi-
ciently accurate for comparative purposes, although the
absolute magnitudes of the drag coefficients for the models
at a particular Mach number may be in error by the magni-
tudo of th~ uncertainty.

Sinco there are no known systematic errors in the data
from the free-flight tunnel, the accuracy of the results is
indicntcd by the repeatability of the data. lamination of
theso data shows that repeat iirings of similar models under
almost identical conditions of Reynolds number and Mach
numbm yielded results for which the average deviation from
the faired curvo was 1 percent and the mtium deviation
was 4 percent.

THEORETICALCONSIDERATIONS

WAVE DRAG

With the exception of some of the very bluntest models
(models 11, 12, and 18) the wave drag of each model was
either calculated by theoretical methods or was estimated
from misting mperimental results. Values for the wave
drag of the cone and the tangent ogive were obtained from
the erect Taylor-Maccoll theory (refs. 9 and 10) and the
method of characteristics (ref. 11), respectively. For the
theoretical optimum nose shapes the second+rder theory of
Van Dyke was used. The react procedure employed in

using the second-order theory was that given in reference 12,
in which the approtiate boundary conditions at the body
wrface are used in the calculation of the perturbation
velocities, and the exact preswqe relation is used to evaluate
the pressure coefficients.3 The method presented therein is
strictly applicable to sharp-nosed bodies of revolution at
Mach numbers less than that at which the Mach cone be-
comes tangent to the model vertex Since the theoretical
optimum nose shapes for which the length is fied (models
10, 13, and 14) have infinite slopes at their vertices (yet
may be considered sharp for most practical purposes), an
approtiation to the shape at the vertm was made to
enable use of the theory. The blunt tip was replaced by a
short conical section tangent to the original contour. The
cone angle, and hence the point of tangency, was selected so
that the cone half-angle did not emxed 94 percent of the
Mach angle. In the subsequent integrations for the wwve
drag from the resulting pressure distributions, the data were
plotted as rP versus T so that the curves could be smoothly
faired through the origin.

A simple method of estimating the wavo drag of the hemi-
spherically blunted conical noses hns been suggested. It has
been proposed that the wave drag of the hemispherical tip,
which could be obtained from esisting e.qerimental data, be
added to the pressure drag of the conical portion of the nose,
based upon the assumption that the pressure on the conical
surface would be the same as on a pointed cone of the same
slope. Hence, the pressure drag of the conical portion of
the nose could be obtained by exact theory.

The following empirical repression, based upon certain of
the experimental results, is suggested for calculating the vmvo
drag of the hemispherical tip for Mach numbers of 2 rmd
greater:

2P’-I(&=r (1)

where Pt is the pitot-prwwre coefficient at the tip of the
hemisphere which may be calculated with the aid of Ray-
leigh’s equation. This esprmsion was obtained from the re-
sults of the pressure-distribution tests, and its derivation is
discussed in more detail in the section of the report which is
concerned with the pressure-distribution tests. When this
repression is used for the wave drag coefficient of the hemi-
spherical portion, the eqmssion for the wave drag coefficient
of the complete model for Mach numbers of 2 and greater
becomes

(2)

where Pa is the surface pressure coefficient or pressure drag
coticient (refs. 9 or 10) for a cone of half apm angle u at the
free+tream Mach number. An approximate expression for
cowhich is sufficiently accurate for the drag estimates is

[

1– (d/D)~~ tall-l
2 (L/D)– (d/D)1 (3)

FOREDRAG

Values of the for-” have been calculated by the addition
of the ~timated or theoretical wave drag and the theoretical

tti thenppllcation of tbln methodati-crder solutionk IWW!8S9flyobtalne(L
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skin-friction drag. Since the skin-friction drag for lantim-
boundary-layer flow contributes so little to the foredrag, tha
inclusion of the small effects of body shape and compressi-
bility on the skin-friction drag was not considered justified,
Therefore, the laminar-skin-friction drag coefficients were cal-
culated by the Blasius formula for flai%plateincomprcssiblo
boundary-layer flow (ref. 13). For the estimates of the skin-
friction drag for turbulehkboundary-layer flow, the body
shape effects were neglected, but the effect of compressibility
was evaluated by means of the interpolation formula of ref-
erence 14 which is based upon an extended .l?rmdd and
Voishel analysis.

RESULTSAND DISCUSSION

HEMISPHERICALLYBLUNTEDCONES

Pressure distributions.—The pressure-distribution data
obtained for models 4p, 5p, and 6p at Mach numbcwa
between 1.5 and 3.8 are shown in figure 4. The data aro
referred to the free=stream Mach number ahead of the
normal shock wave at the nose of each model. Although
these Mach numbers were approximately the same for each
model, they ditlered slightly because of the differences in
positio~ of the models within the test section. For each
of the models, the pressure coefficient at the nose agrees
with the pitot-prewmre coefficient calculated by Rayleigh’s
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equation and shown for comparison by the daahed lines.
For models 4p and 5p at Mach numbem 1.97 and 1.5 (figs. 4
(a) rmd 4(b)) the rapid expansion of the flow over the
hemispherical tip is followed by a recompression over the
forward part of the conical portion of the nom. The
pressure on the conical surface recovers to, or almost to,
the theoretical value of the pressure coefficient for a sharp-
nosed cone of the same slope. For a Mach number of 3.1,
the mpanding flow on the hemisphere does not reach a
lower pressure than the theoretical surface pressure for a
cone of the same slope as the conical afterbody, and it is
found that the pressure is constant over most of the conical
portion of the nose. From these data it appeam that the
assumption made in the drag estim’at~, namely, that the
pressure over the conical portion of the nose is constant and
equal to the theoretical value for a sharp-nosed cone of the
same slope, is essentially correct for free-stream Mach
numbem of 3 and greater. For Mach numbers less than 3
the average pressure over the conical section is less than
that assumed in the estimates, and hence the estimated
drag contribution from this part of the nose will be too high.

A more detailed study of the pressure distribution over
the hemispherical portion of this type body is available
from the data of figure 4(c). For comparison with these
experimental data, the theoretical incompressible distri-
bution (only part of which is shown for simplici@) and the
distribution predicted by Newtonian theory (ref. 15) are
shown. Jl is apparent that aa the Mach number is increased
the pressure distribution approaches that predicted by
ISewtonian theory. In spite of this trend, it is evident
that the distribution would never agree exactly with the
Newtonian because the peak pressure coeiiicient at the nose
would be somewhat leas than the Newtonian” value of 2.
An additional factor which has been neglected in the New-
tonirm theory is the effect of centrifugal forces which,
although negligible for the lower Mach numbers, would tend
to reduce the theoretical pressure coefficients over the hemi-
sphere in the high Mach number range.

The stu&yof the comparisons of the experimental pressure
distributiona for the hemisphere with that predicted by
Newtonian theory (fig. 4(c)) indicates that an empirical
esprewion for the pressure distribution, which yields reason-
ably accurate values of the wave drag, maybe written. The
development of the expression is based upon two experi-
mental results: First, the pressure at the tip 6f the hemi-
sphere is the stagnation pressure and may be calcdated
exactly from the Rayleigh equation. Second, at the high
Mach numbers the subsequent mqmnsion of the flow is
similar to that predicted by Newtonian theory, and the
local pressure dMere from the Newtonian value by an
amount which varies approximately as the cosine of the
angle 6. Based upon these observations the following
emptilcal expression for the pressure distribution on a
hemisphere may be written:

P=2 COS2 e–(2–P,) cos e (4)

where Pt is the pitot-pressure coefficient at the stagnation
point on the hemisphere. The expression predicts a pres-
sure coefficient that is exact at 8= O and agrees with the

Newtonian value of P=O at 9=90°. It is apparent from
the data of figure 4(c) that, although the resulting pressure
distribution will closely approximate the experimental dis-
tribution at high Mach numbers, the predicted pressures
near 0= 90° will be considerably in error for lower Mach
numbene. However, this should not result in a serious
error in the pressure drag, since the surface slope is small in
this region, and thus the resulting drag contribution is also
small. A simple expression for the wave drag coefficient
of the hemisphere results from this empirical equation for
the pressure distribution. Thus, based upon the maximum
cross-section area;

2Pg–1Q*=T (1)

Values computed from this equation are compared in figure
5 with estimates of the wave drag horn total drag measure-

“

g .4
G
w

: .2

0 I 2’ 3 4 5 6 7 8
Mach number, M

I?K+URE5.—Variation of wave drag codioient with hfauh number for
a hemisphere.

ments (rbfs. 16 and 17) and with the experimental pressure
drag determined from the pr=u& distributions of iigure
4. ‘ For Mach numbers between 2 and 8 the agreement is
excellent. As would be expected horn the prewm+dis-
tribution results, the values from the empirical expression
are too large in the lower Mach number range.

From these data it appeara that for the estimates of the
wave dzag .of the. hemispherically blunted cones, the con-
tribution of the hemispherical tip to the total wave &ag at
Mach numbers of 2 and greater maybe calculated accurately
with the proposed empirical expression.

Flow field.-The recompression of the flow over the up-
stream portion of the conical afterbody, which was noted
previously in the discussion of the pressure distributions, is
associated with the appearance, a short distance downstrerun
from the bow wave, of an approximately conical shock
wave in the flow field. The schlieren pictures ~o~=model5
(fig. 6) are typical for all the hemispherically blwited cones
(models 1 through 5) throughout the -Mach number range
These pictures show that the intensity of the wave decxeases
with increasing Mach number. At Mach number 3.06 the
wave is no longer evident witbin the bounds of the schlieren
field. The decrease in intensity of the wave is in accord
with the changes found in the pressure distribution data.
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(a) ilf=l.24 .-

(b) ,1{=1.54

(C) J.f=l.96

Fmmw 6.-Schlieren piotura fo~ 50-pert.ent heiniapherically blunted
conq model 5, at various hfaoh numbers.

(d) ilf= 3.06

(e) iU=3.67

Figure 6.—Conoluded.

(See Q 4.) At first glance ,it might appear that this wavo
could be associated with a ,region of separated flow on tho
hemispherical tip, with subsequent reattachment accom-
panied by a shock wnve. However, tlm schlieron pictures
show no evidence of flow separation. Additionally, it is
apparent from the schlieren pictures that this shock wwve
does not extend horn the outer flow down to the body
surface but appears to be diffused near the snrfaco. ‘1’hcm
observations lead to the speculation that tho origin of Llm
wave must be associated with the transonic or mid typ~
of flow which occurs in the vicinity of the nom of tho body.

The mechanism by which the compression wave is formed
may be much the same as that discusmd in reference 18 for
the two-dimensional flow around a sharp-nosed doublc-
wedge airfoil section with detached bow wave. It is ldiovcd
that the wave results from a coalescence of week compres-
sion waves reflected from the body surface. (Tho oxistenco
of the compression region is confirmed by tho prcssurc-
distribution data.) These waves apparently orighmto m
expansion waves from the body surface downstream from
the sonic point. As indicated in the sketch, these expansion
waves which travel along characteristic lines arc reflected
from the scmic line and the bow wave as compression wnvcs
which are in turn reflected from the body surface. ‘JIG
reflection of these wavelets from the body surfaco occum in
such a manner that they coalesce to form a shock wave,

The dependence of this phenomenon on both tlm free-
stream Mach number and the inclination of the body surfaco
just downstream of the point of tangency of the hemisphere
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with tlm nfterbody is demonstrated by the following obser-
vations. For the hemispherically blunted cones, neither
the shock wave nor the region of recompression on the
body surface was found for Mach numbers above 3.06.
The disappearance of this shock wave and region of com-
pression results from the combination of the movement of
the bow wave closer to the body surface and the small up-
stream movement of the sonic point with increasing Mach
number. These changes reduce the extent of the mixed
flow region so that for Mach numbem above approximately
3 most of the compression wavelets reflected from the
sonic line and bow wave are incident upon the body surface
in the expansion region between the sonic point and the
point of tangency of the hemisphere with the afterbody and
hence are canceled. The importance of the inclination of
the body surface in the region of the reflections is indicated
by the fact that, although the pressure-distribution data
for model 6p (fig. 4(c)} show that at the lowest test Mach
number there exists a region of recompression just down-
stream from the juncture of the hemisphere and cylindrical
~ftorbody, the magnitude of the recompression is very small
and does not result in a secondary shock wave that can be
detected in the schlieren pictures.

Drag.—The variation of drag coefEcient with Mach num-
ber for the hemisphericxdlyblunted cones of fineness ratio 3
(models 1 through 5) me presented in figure 7. Because of
the differences in test technique, the data from the wind
tunnels and from the free-flight facility are presented sepa-
rately. Since the models vary progressively from the sharp-
nosed cone to the very blunt model with the large hemi-
spherical tip (cZ/D= 0.5), the variation of the foredrag coeffi-
cient with Mach number (fig. 7(a)) changes pro~essively
from the familiar variation for a mne (foredrag coefhcient
decreases with increasing Mach number) to the variation
characteristic of a hemisphere (fig. 6). Variation with
Mach number of the total drag coefficient (fig. 7(b))4 is

~No ottempthasMenmadeto lofntheak-ofldataandah-ondrdnbwaosaof theW-
ferenmin Reynoldsnumber,recoverytemwrat?x%andstmnntnrbrdonc%

similar for all models in that the drag coefficient continually
decreased with increasing Mach number.

The data from figure 7(a) are replotted in @tie S to
show the variation of forech-ag with nose bluntness at con-
stant Mach numbers and provide comparisons with the
wtimated fotedrag characteristie9. For this series of iine-
nessratio 3 noses, a small saving in foredrag may be achieved
through the use of a hemispherically blunted cone in place
of a sharp cone of the same fineness ratio. Perhaps more
important is the fact that a relatively large increase in
volume over that of a sharp nosed cone may be realized
without incuiring any increase in foredrag. An additionrtl
factor to be considered is that the hemispherical nose pro-
vides m ideal housing for search radar gear. These data
show that with increasing hfach number there is a decrease
in both the degree of blunting which results in minimum
foredrag as well as the maximum blunting allowable such
that the foredrag is not greater than that of the sharp-nosed
cone. These results are in essential agreement with the
preliminary foredrag estimates.

Although the results (fig. 8) show that for this fineness
ratio 3 series of models there is some drag reduction with
increase in bluntness, the magnitude of the possible drag
reduction which is obtainable by this method of blunting
decreases rapidly with increasing tieness ratio. In fact,
there appears to be an upper limit to the fineness ratio for
which this type of bhmting will yield any dmg reduction.
Some indications of the magnitude of this limiting ii.nenes-s
ratio @.ich varies with Mach number have been obtained
by comparing the variation with iineness ratio of the esti-
mated wave &g of the d/D= 0.075 model-with that of a
cone of the same fineness ratio at Mach numbers of 2 and 3.
These results (&g. 9) indicate that the wave drag of the cone
is less than that of this moderately blunt model for length-
to-diameter ratios in excess of approximately 5.4 and 5.0
at Mach numbers of 2 and 3, respectively. These results
also show that the range of nose iineness ratios for which
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Mach numbeq M

I 2345678
Mach number, M

(a) Wind tunnel &uIts.

(b) Free-flight results.

FIGS?EE7.—Vadation of dmg codiaient with Maoh number for

hemisphere-cone series, constant ~=~

this type of blunting would be advantageous decreases with
increasing Mach numbers.

It should also be pointed out that the drag penal~ asso-
ciated with the use of excessive blunting increases rapidly
with increasing fieness ratio. At a Mach number of about
3.1 the data of the present report (fig. 8) indicate that the
foredrag coefficient of a 20-percent blunt cone is about 0.01
greater than that of the sharp-nosed cone of the same fine-
ness ratio. This increment represents approximately a 12-
percent increase in foredrag and maybe compared with the
data of reference 19, wherein it is showg that the same
degree of blunting for a fieness ratio 8 body results in an
increment in wave drag coefficient of 0.053, corresponding
to m increase in pressure drag of more than 300 percent.

The estimated wave drag coefficients for the d/D=O.30

Experiment
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CI Wave drag (pres. distr. models)
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sally blunted cone at Maoh numbers 2 and 3.
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and 0.50 models at Mach numbers of 3.06 and 1.96 are in
vmy good agreement with-the wave drag determined from
the pressure distribution models (see fig. 8). Similarly the
agreement between the experimental foredrag and the esti-
mated foredrag based upon the estimated wave drag plus
larninar incompressible skin-friction drag is very good for
Mach numbers 1.96, 3.06, and 3.67. For the tests at these
Mach numbers the schlieren pictures taken during the tests
indicated that the boundary layer was completely laminar
over each of the models. An interesting effect of body shape
upon boundary-layer transition is indicated by the results
of the tests at M= 1.44 and 1.24. From the schlierenpictures
and the foredrag data it was evident that turbulent bound-
ary-layer flow existed on part of the conical afterbodies of
the d/D=O.30 and o?/D=O.60bodies for the higher Reynolds
number at M= 1.44 and 1.24. In contrast, the boundary-
loyer flow was laminar over the entire surface of the cone
for the identical test conditions. It is believed that the
difference between the results for the cone and the blunt
bodies results largely from the effects of the differences in
body pressure distributions. For the cone the pressure is
constant along the surface and therefore neutral insofar as
its effect on the boundary-layer flow is concerned. For both
tho blunt bodies at the low Mach numbem, the pressure
gradient in the streamwise direction is positive just down-
stream from the point of tangency of the nose with the
conical section (see @. 4) and hence tends to thicken the
boundary layer and promote transition. Both the schlieren’
pictures and the force measurements indicate that for the
high Reynolds numbers the boundary layer is turbulent over
a much greater portion of the surface of the blunter of the
two bodies. This result is in agreement with what might be
cspected on the basis of the difference-sin the pressure distri-
butions for the two models. Although the adverse gradients
for both the d/D=o.30 and d/D=O.50 models start at essen-
tidly the same longitudinal station along the models, and
initially are of approximately equal magnitude, the adveme
gradient for the blunter model, d/D= O.60, extends over
most of the conical section of the model; whereas the gradient
for the d/D=O.30 model is neutral over most of the conical
section. Hence, it appears reasonable to expect a lower
Reynolds number of transition for the blunter of the two
models. ,

For the d/D=O.30 and d/D=O.50 models at Mach numbers
of 1.24 and 1.44, equation (2) yields values of the wave drag
alone which are even greater than the measured foredrags
tit the lower Reynolds numbem. This discrepancy is attrib-
uted to the fact that at these Mach numbers the empirical
e.spressionincludes too large a value for the wave drag of
the hemispherical portion of these models. (See &. 5.)
Hence, for the foredrag estimates shown in figure 8 for
Mach numbers 1.24 and 1.44, the lower values of the wave
drag of the hemispherical portion of the models obtained
from experiment (fig. 5) were used. For all other Mach
numbers the empirical expression (eq. (2)) was used. The
estimated foredrag results obtained are in fair agreement
with the experimental data.

As previously discussed, preliminary estimates and experi-
ment have both shown that a small saving ,in foredrag may

be achieved through the use of a hemispherically blunted
cone in place of a sharp cone of the same ii.nenessratio.
Although this type of blunting can be beneficial, preliminary
d.matea have-also indicated that no drag reduction can be
achieved by simply replacing the sharp nose of a given cone
with a hemispherical tip. In this case the cone angle is not
reduced, since the length of the model is reduced instead.
In order to verify these results, tests have been made at
Mach numbers 1.44 and 1.99 for a series,of hemispherically
blunted cones., formed by progressively blunting an L/D=3
cone. Both the experimental foredrag results and the esti-
mated values of foredrag are plotted in figure 10. It is evi-
dent from the figure that there is good agreement between
experiment and theory, and that, as expected, there is no
drag reduction due to mere blunting of the parent cone.

THEORETICAL MINIMUM DRAG NOSE SHAPES

Comparison of experimental and theoretical foredrag,—
Comparisons of the experimental and theoretical foredrag
variations with Mach number for the theoretical minimum
drag noses, the L/D=3 cone and the L-V ogive, are shown
in iigure 11. The theoretkd drag calculations have been

Experiment

o Foredrog

Estimate
Wave drag

____ Foredrog (estimoted wove drag

+ Blasius’ Iaminar skin friction)

.3
M. 1.44

R8E3J4XI06
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0
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D

fiGUIW Io.—Variation of foredrag coefficient with bluntnesg for herai-
sphermne series, oonstant oone angle= 1S056’.
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limited in most crisesto rtsmaller Mrtch number range than
that for which e.xperimentrd results are available. For
Mach numbem less thrtn 1.4 or greater than about 3, the
conical tip appro.simntions to the true body shapes which
wotid have been necessary for applictttion of the perturba-
tion theory to the minimum drag shapes were considered
unrmsonnbly large; hence, the second-order theoretical
rea.dts were limited to Mach numbers between 1.4 and 3.
In fact, for the L-V Haack nose the theoretical calculations
were limited to Mach number 2.4, as an excessive amount
of conical tip modification would be necessary for the theory
to be applicable rtthigher Mach numbers. Theoretical esti-
mates of the foredrag have been made by the addition of
flitt-phtte skin-friction values to the computed wave drag,
the skin friction being calculated for a Reynolds number of
4X 10e, Although some of the experimental data were
taken at lower Reynolds numbers (between 2X106 and
4X 10°), tlm error introduced by calculation of the skin
fric~ion at ono Reynolds number is small and certainly well
within the accuracy of the experimental results. Either
completely lmninnr (ref. 13) or completely turbulent (ref.
14) skin-friction drag has been assumed, although the
schlicrcn pictures indicated that for the tests at Mach num-
bem of 3.06 and 3.67 boundary-layer transition occurred on
somo of the models.

A comparison of the experimental and theoretical foredrag
for the L/D=3 cone has been included in figure 11, since
such a comparison indicates how well the skin-friction drag
may be calculated and also providw an indication of the
nccumcy of the other experimental results. I?or the Itey-
nokls numbers of this investigrttion, schlieren observations
indicnted hunimm-boundary-layer flow on the cone at all
llnch numbers. The foredrag of the cone was closely esti-
mated by the addition of the exact Taylor-Maccoll wave
drag and Blnsius’ incompressible laminar skin friction.5

In general, good agreement between the experimental and
thcorcticrd foredrag for laminar-boundary-layer flow was
obtninecl for most of the models at Mach numbers of 1.4
and 2.0. Nevertheless, at Mach number 2 the foredrag of
the L-D and L-V Haack shape-sare overdrnated by about
the magnitude of the theoretical laminar-skin-friction drag.
For a Mach number of 3 the foredrag of the cone and the
foredrrtgof the L-D Hnnck shape are in good agreement with
the theory for hninm-boundary-layer flow. However, the
cornpnrisons indicate that the boundary-layer flow for the
L-V ogive, the D-V Hartck shape, and the hypemonic
optimum shape. were rtt least partially turbulent at this
Mnch number. At the maximum Mach number (lW=3.67)
tho ex~erimental foredrag of the L-V ogive exceeds even the
theoretical value for completely turbulent boundary-layer
flow. This same result is also inferred from the comparison
for the D-Vmodel. It is not clear which part of the theoreti-
cal foredmg is at fault, that is, the wave drag or the skin-
friction drag. However, it appeaxs most likely that the
theoretic&skin-friction drag is too small, since considerable

~Tho EfandtzohoandWendt hansfomuItlonOfIrmdnOr-kmmdary-lwerSkhl-fliCttOndrag
d a flatplrdeto thatof a conemmneglectedslxm its Inckukmmxdd bare tncmsed the
fmdrog by only1pemmt.

confidence may be placed iu the wave drag value, particularly
for the L-V ogive.O

The data also show that for these particular body shapes,
the tit-order theory yields acceptable values of wave drag
for Mach numbers close to 1.4 only. At the higher Mach
numbers, the fit-order theory yields results which are too
low.

Although slender-body theory has sometimes been used
to calculate the wave drag of shapes with tinenessratios as
low as these, the wave drag coefficients of 1/9, 1/8, and 1/6
for the L-D, L-V, and D-V Haack shapes (ref. 2), respec-
tively, are too large at all Mach numbem as compared with
the results in figures 11(c), n(d), and n(e).

Comparison .of foredrag of theoretical minimum drag nose
shapes with foredrag of other nose shapes.—In order to
ass- the theoretical minimum drag shapes for the three
auxiliary conditions of gjven length and diameter, given
length and volume, or given diameter and volume, other
common shapw with identical values of these parametem
have been tested and comparisons of the results are shown
in figure 12. Although the Reynolds number was not con-
stant throughout the Mach number range, it was unchanged
for all the tests at each Mach number. Hence, differences
in foredrag between models compared at a given Mach
number may not be attributed to differences in Reynolds
number.

The foredrag coefficients of the theoretical minimum drag
shapes for a given length and diameter, the L-D Haack nose
(or K&rm6n ogive), and the hypersonic optimum nose (%
power and Ferrari shape, see fig. 2) are compared with the
for.edrag coefficients of the parabolic nose in &ure 12(a).
It is noteworthy that the L-D Haack nose is not the least-
drag shape for any Mach number within the range of the

‘tests. For the major portion of the lMach number range
(above Mach number 1.5), the hypersonic optimum shape
has the least foredrag. It is somewhat surprising that an
optimum shape based upon Newtonian impact theory should
have less drag than the L-D Haack nose at these relatively
low supersonic Mach numbers. It is not clear whether this
anomaly results from the restriction of zero slope at the
base which was evidently assumed in the derivation of the
L-D Haack nose, or whether this is a result of the low iine-
ness ratio of the models. To investigate this latter point,
the wave drag coefficients of both the L-D Haack and the
hypersonic optimum shapes were calculated by second-order
theory for fineness ratios of 3, 5, and 7 at a Mach number
of 3. These results (fig. 13) show that the wave drag
coefficient of the “Haack” shape is the larger for fineness
ratios of 3 and 5. For iineness ratio 7 any difference in
wave drag between the L-D Haack and the hypersonic
optimum shapes is so small as to be within the limits of
uncertainty of the calculations. To provide a better indi-
cation of the combinations of Mach number and fineness
ratio for which the hypersonic optimuin nose has less wave

sme f-g tin= reportedhm’oinfor the z-v WIYO(LW-MK3) areatit 10I=@=t
10UWthantime reporkl tnrefemme7 foranL/D-3 ogtre, althcmgh the fmdrag rwnltafor
the coneandhypemonfooptimum sham (@s- 11(a) fmd11(0) 010fn WREIUEU~EVOU
thoughtheti ham&enremnendthedatahambeencarefullyaheokd noA&factory
explanationhas,u yetjMenfoundforthkdifferenm.
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FIaUIZE 12.—Comparison of foredrag of Haack models with ather
models having the same two specified parameters.

drag than the L-D Haack nose, the ren.dts of all of the
available second-order solutions for these shapes have been
plotted in figure 14. The plot is made in terms of the
hypersonic similarity parameter, K=M/(L/D), and indi-
cates that for values of E in excess of about 0.4 or 0.5 the
hypersonic optimum shape has the lower wave drag.

The foredrag of the theoretical minimum drag shape for a
given diameter and volume (D-V Haack, model 15) is com-
pared in figure 12(b) with the foredrag of a cone (D-V cone,
model 17) havihg identical values of diameter and volume.
Except for Mach numbers below about 1.4, the foredrag of
the cone is of the order of 20 percent lower than that of the
theoretical optimum shape. Again, this result may be due
either to the low fineness ratio of the bodies tested or the
failure of the slender-body theory to predict the correct
minimum drag shape for all possible shapes rather than the
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correct minimum dreg shape for bodies with zero slope nt
the base. In any event, it could be espected that the dmg
dHerence would be much less for higher finenessratio noses.

The foredrng of the,theoretical minimum drag shape for n
~“ven length and volume (Z-V Haack, model 14) is conl-
pared in @me 12(c) with the foredrng of n circular-arc ogive
(Z-V ogive, model 16) having identical values of length nnd
volume. Since the base areas of these noses differ, the fore-
drag coefficients are based on (volume)’@ instead of bnse
area in order that a direct comparison of the foredrags mny
be conveniently made. Over the complete Mach number
range the foredrag coefficient of the L-V Hnack model is
between 8 and 16 percent lower than the foredrag coefficient
of the L-V ogive. For both models the variation of fore-
‘drag coefficient with Mach number is simih-w.



INV33STIGATION OF THE DRAG OF VARIOUS AXIAJJLY SYMMETRI C NOSE SHAPES OF FINENESS RATIO 3 1245

Foredrag of nose shapes defined by T= B(X/L)n.—In rof-
crenco 7 foredrng results of fineness ratio 3 models for n= 1,
% X, and Z m presented for the Mach number range of
2.73 to 5.00 and for length Reynolds numbers between
2X 106 and 3X108. In the present investigation similar
models have been tested at Mach numbers from 1.24 to
3.67 and Reynolds numbers between 2X1O Band 4X1O 8 in
order h extend the Mach number range of available drag
dntn, The foredrag results of this investigation are pre-
sented in figure 15 and are compared with part of the results
of reference 7, replotted for the overlapping Mach number

l?e=2.10x106

06

.24

,20

$$
-- .16
c
m
z

j .12

D0

—
$

.04

0
ILJ 1.4 1.8 22 26 30 3.4 3.8 42

Moth number, M

I?IQUUD 15.—Variation of for~g coeilicient with Maoh number for

(?

“
the family of $=3 nose shap~ defined by r= R ~ . ‘

range of both investigations. In general, there is good
agreement between the data from both sources, ahhough
there are small diihrences which may be attributed to vari-
ntione in Reynolds number. Both the hypersonic Optim~
nose (n= ~ and the conicil nose (n= 1) show a similar de-
crense in foredrng coefficient with increase in Mach number
over the completa Mach number range. The hypersonic
optimum nose, however, has much the lower foredrag (about
24 percent lower at Mach number 1.24 and 15 percent lower
at Mach number 3.67). In contrast with the decrease in
the foredrag coefficient with increasing Mach number for
the hypersonic optimum and conical noses, the foredrag co-
efficients for the parabolic and ~-power noses increase with
increasing Mach number in the lower part of the Mach
number range.

COMPARISON OF FORZDItAG OF ALL THE FORCE MODELS

In figure 16 a comparison of the variation of foredrag
coefficient with Mach number for all the force models tested
is shown. In general, it is seen that for the more. blunt
noses (models 5, 12, and 18) the foredrag coefficient increases
with increase in Mach number, while for the othar noses the
foredrag coefficient decrensa with “increasein Mach number

over most of the range. It is of interest to note that the
ellipsoid (model 18), although showing a large increase in
foredrag coefficient with inmease in Mach number to Mad
number 2, has constant foredrag coefficient for Mach num-
bers above 2. There is no minimum drag nose for the com-
plete Mach number range, although the hypersonic optimum
nose (model 10) has the least drag for Mach numbers above
1.5. Below Mach number 1.5 the paraboloid (model 11)
haa the lowest drag, slightly less than the drag of the L-D
Haack nose (model 13). Of special note is the observation
that many of the nose shapes have leas drag than the cone
(model 1), particularly at the 10WWMach numbers.

,. CONCLUSIONS

Drag measurements at zero angle of attack have been
made for various hetipherically blunted cones, theoretical
minimum drag nose shapea, and other more common profiles
of fineness ratio 3. An analysis of the results for a Mach
numbar range of 1.24 to 7.4 and for Reynolds numbers be-
tween 1.OX1O e and 7.5X 108 has led to the following
conclusions:

1. No model had the least foredrag for the complete Mach
number range.

2. Of the models tested the paraboloid of revolution had
the least foredrag below a lMach number of 1.5, and the
hypersonic optimum shape had the least foredrng above a
lMach number of 1.5.

3. The theoretical shapes for mum pressure drag
derived by von K&rm4n and by Haack for given length and
diameter or given diameter and volume do not have less drag
than all other possible shapes having identical values of the
same parameters.

4. For the hemispherically blunted cones of low fineness
ratios (of the order of 3):

a.

b.

c.

d.

“Small reductio~ in foredrag may be achieved by
hemispherical blunting (hemisphere diameter ap-
proximately 15 percent of base diameter) if the
fineness ratio is held constant and, hence, the cone
angle reduced with increased blunting. If the cone
angle is held constant and the fmene+sratio reduced,
hemispherical blunting results in increased foredrag.
A relatively large hemispherical tip diameter (as
large as 30 percent of the base diameter at Mach
numbers of 1.24 and 1.44) may be used without
increasing the drag above that of a sharp-nosed cone
of the same fineness ratio.
For large spherical bluntnesses (nose diameters of the
order of 50 percent of the base diameter) drag
penalties were moderate at Mach numbers less than
1.5 but became sevarq with increasing Mach number.
For Mach numbers of 2 and greater the wave drag
may be accurately estimated by the addition of th~
wave drag of the hemispherical tip calculated from
an empirical expression and the wave dr~a of the
conical portion from Taylor-lMaccoll theory.

Aams AERONAUTICAL LABORATORY,

NATIONAL ADVISORY Commrr EE FOR AERONAUTICS,
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Model No Designation d/D LID Model No Designation UD

0 I Hem,spher&Cone, 0.000 3.00 e 10 Hyper Opt 3.00

0 2 Hemmphere-Cone, .075 3.03 D I I Porobolold 300

0 3 Hemisphere-Cone, I 50 3.03 m 12 V4 Power 3.00

D 4 Hermsphere-Cone, 300 3.00 ❑ 13 L-D Iiaock 3.00

v 5 Hemisphere-Cone, .500 3.00 0 14 L-V Haock 3.00

D 7 Hemmphere-Cone, .075 281 D 15 D-V Hoock 3.00

D 8 Hemisphere-Cone, 150 262 v 16 L-V Ogive 2.93

0 9 H@-nisphere-Ccme 3C0 224 v 17 D-V Cone 3.3a
d 18 Eltipso[d 3,00

Re. 3 14xlQ~_ Re,2.oIxlcf!._-#

Re, 242x IQ6 ~ ! R%4.14XI06 ~ /?e=4.00x1 R=345x10g.1
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FIQURE16.—Variation of foredrag coefficient with Maoh number for all the force models teetecl.
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